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Some bacterial toxins and viruses have evolved the capacity to bind mammalian
glycosphingolipids to gain access to the cell interior, where they can co-opt the
endogenous mechanisms of cellular trafﬁcking and protein translocation machinery to
cause toxicity. Cholera toxin (CT) is one of the best-studied examples, and is the virulence
factor responsible for massive secretory diarrhea seen in cholera. CT enters host cells by
binding to monosialotetrahexosylganglioside (GM1 gangliosides) at the plasma membrane
where it is transported retrograde through the trans-Golgi network (TGN) into the
endoplasmic reticulum (ER). In the ER, a portion of CT, the CT-A1 polypeptide, is unfolded
and then “retro-translocated” to the cytosol by hijackingcomponents of the ER associated
degradation pathway (ERAD) for misfolded proteins. CT-A1 rapidly refolds in the cytosol,
thus avoiding degradation by the proteasome and inducing toxicity. Here, we highlight
recent advances in our understanding of how the bacterial AB5 toxins induce disease. We
highlight the molecular mechanisms by which these toxins use glycosphingolipid to trafﬁc
within cells, with special attention to how the cell senses and sorts the lipid receptors. We
also discuss several new studies that address the mechanisms of toxin unfolding in the
ER and the mechanisms of CT A1-chain retro-translocation to the cytosol.
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INTRODUCTION
Bacterial toxins must access their cytosolic targets by translocat-
ing across a cell membrane (Inoue et al., 2011). This is no small
feat, as the toxins are secreted as fully folded water-soluble pro-
teins that undergo a series of structural changes allowing them to
integrate into lipid membranes and inject the enzymatic domain
in unfolded conformations across a cellular membrane to the
cytosol. Once in the cytosol, this domain refolds into a functional
enzyme that attacks speciﬁc cellular systems.
Cholera toxin (CT) typiﬁes the AB5-subunit toxins. It is
secreted by the Vibrio cholerae in the intestinal lumen. The toxin
enters the cytosol of polarized epithelial cells lining the intesti-
nal lumen by binding to the ganglioside GM1 via its B-subunit.
GM1 follows a lipid-based sorting pathwayto move the toxin ret-
rograde through the trans-Golgi network (TGN) into the ER. In
the ER, the enzymatically active portion of the A-subunit, termed
the A1-chain, co-opts the machinery located in the ER lumen
to manage terminally misfolded proteins in the secretory path-
way (termed the ER associated degradation pathway or ERAD),
which unfolds and retro-translocates the A1-chain to the cytosol.
Unlike most retro-translocation substrates, the A1-chain escapes
degradation by the proteasome and rapidly refolds in the cytosol
to act as an ADP-ribosyltransferase. Toxicity is caused by ADP-
ribosylation of the heterotrimeric G protein, Gsα that leads to
constant activation of adenylyl cyclase and strong increases in
cAMP intracellular levels. In intestinal cells, the rapid production
of cAMP leads to intestinal chloride secretion, which causes a
massive loss of water resulting in the rice-water secretory diar-
rhea that typiﬁes cholera. This review will summarize current
ideas and new ﬁndings for how glycosphingolipid-binding tox-
ins gain access to the ER and the mechanisms involved in their
retro-translocation into the cytosol (Figure1).
MEMBRANE TRAFFICKING OF TOXINS AND THEIR
LIPID RECEPTORS
After binding to the ganglioside GM1 located on the outer leaﬂet
of the cell membrane, CT travels through a complex endocytic
pathwayinvolving retrogrademembranetrafﬁc throughthe Golgi
complex to the ER (Step 1) (Chinnapen et al., 2007). Other tox-
ins, such as Shiga toxins (STx), Escherichia coli heat labile toxins
and tetanus toxins and some viruses (SV40, polyomavirus) also
use glycosphingolipids (gangliosides and globosides) as recep-
tors to enter the cell and cause disease (Spooner et al., 2006).
Exactly how the cell senses these lipids to sort them to differ-
ent intracellular pathways is still unclear. Our knowledge of the
endocytic and intracellular pathwaysco-opted by toxins and their
lipid receptors has so far relied on microscopy observations of
the bulk ﬂow of ﬂuorescently or radioactively labeled toxins and
their lipid receptors or lipid analogues or lipid-speciﬁc antibod-
ies.Thelackofdatatrackingindividualtoxinorlipidmoleculesas
they move within the cell, as well as the promiscuity of endocytic
and intracellular pathways co-opted by them, has signiﬁcantly
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FIGURE 1 | Retrograde trafﬁcking and retro-translocation of AB5 toxins
in host cells. (1) AB5 toxins such as CT and ST, bind to glycosphingolipids
located on the outer leaﬂet of the plasma membrane. (2) In the case of CT,
the binding to the ganglioside GM1 effectively clusters the lipid on the cell
surface, where endocytosis can occur by clathrin-dependent, or–independent
routes. This is known to involve ﬂotillin proteins that can sense membrane
microdomains. All internalization pathways converge into the early/sorting
endosome compartment (EE/SE), where sorting occurs to the TGN (aided by
SNARE proteins Syntaxin 5, Syntaxin 6, Syntaxin 16, and the retromer
complex) (3a), to the recycling endosome (via Rab4, Rab5 and Rab11) (3b),o r
to late endosomes (not shown). (4) From the Golgi, CT is transported to the
ER where the A-subunit is dissociated from the B-chain with the aid of PDI
and Ero1p. (5) The A-chain is then unfolded by the ERdj3/HEDJ complex
along with BiP , where it is translocated across the ER membrane into the
cytosol with the aid of TorsinA, gp78/Hrd1 and Derlin-1. (6) Once in the
cytosol, the A-chain rapidly refolds in an Hsp90-dependent manner where its
catalytic activity stimulates adenylate cyclase (AC) resulting in an intracellular
increase of cAMP (7).
hindered our ability to dissect the actual itinerary followed by
these molecules from the cell surface to their sites of action.
The internalization of globotriaosylceramide (GB3) and GM1
glycosphingolipids, assessed using toxin or antibody markers,
appearsto be via clathrin-independent pathways,mainly through
caveolae (Crespo et al., 2008), but clathrin-dependent pathways
have also been reported (Step 2) (Torgersen et al., 2001). The
glycosphingolipids seem to be required for the maintenance of
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caveolae domains (Singh et al., 2010). Gangliosides are well
known to establish dynamic physicochemical interactions with
cholesterol and other sphingolipids to form membrane nan-
odomains (Simons and Gerl, 2010; Sonnino and Prinetti, 2010).
Exactly how the cell senses and sorts these domains into deﬁned
e n d o c y t i cr o u t e si ss t i l lu n k n o w n .R e c e n ts t u d i e sh a v es h o w n
that STx, CT and SV40 virus can bind and crosslink glycosph-
ingolipids to trigger membrane deformations (“tubules”) of both
artiﬁcial membrane models and the plasma membrane of intact
cells (Romer et al., 2007; Ewers et al., 2010; Romer et al., 2010).
These tubular invaginations may favor toxin and virus internal-
ization, although the capacity of these structures in driving toxin
or virus entry is not yet deﬁned. Tubular invaginations have
been previously observed in the absence of ganglioside crosslink-
ing, suggesting thatother mechanisms ofmembranedeformation
must exist as well (Massol et al., 2005; Boucrot et al., 2010).
Although the mechanism for inducing membrane tubulation by
the toxins and viruses is not clear, it appears that crosslinking
of long chain gangliosides with the proper molecular spacing
is required to induce membrane curvature (Ewers et al., 2010).
Fission of tubules requires actin polymerization and dynamin
function. Similarly to GB3 that binds STx, GM1 lipids containing
long saturated acyl chains favor SV40 internalization and infec-
tion. Studies of internalization of GPI-anchored proteins, which
also favor partitioning in lipid-microdomains or rafts, show that
the molecular structures of the lipid chains affect the way they
are internalized and trafﬁcked in the cells (Bhagatji et al., 2009).
The emerging theme from these studies is that clustering of gan-
gliosides into lipid microdomains at the cell surface can initiate
membrane budding events.
Although the preferential route of entry for these toxins
and viruses is still quite controversial, it is likely that the
actual entry mechanism has little impact in the intracellular
sorting required to transport them to their ﬁnal destinations.
This is due to the convergence at the level of the early endo-
some of cargo derived from clathrin-dependent and clathrin-
independent endocytic vesicles (Jovic et al., 2010). After inter-
nalization,ganglioside-antibody complexesaretransported to the
early endosome and later on accumulate transiently in Rab11-
positive recycling endosomes en route to the plasma membrane
(Step 3b) (Iglesias-Bartolome et al., 2006, 2009). A small fraction
of ganglioside-antibody complexes is eventually transported to
the Golgi complex and the endoplasmic reticulum (ER) (Step 3a)
or to lysosomes.
Though the exact molecular requirements and intracellular
location for sorting of the glycosphingolipids remain to be elu-
cidated, it is likely that a key-sorting event takes place at the level
of the early endosome. The early endosome exhibits a complex
morphology with very thin (∼60nm) tubular structures ema-
nating from a main vesicular body thought to be functionally
important, and many membranetrafﬁc regulators(notably Rab5,
Rab4, and their effectors) act on this organelle. Proteins and
lipids targeted for recycling are driven into the tubular domains
and eventually arrive back at the cell surface, while dissociated
ligands remain in the vesicular region that matures into a late
endosome/lysosome. Whereas the “geometry-based” model of
lipid sorting proposed by Maxﬁeld and McGraw (2004)e x p l a i n s
several aspects of protein and ligand sorting at the early endo-
some, lipid sorting is likely more complex. Recent biophysical
studies in model systems and live-cell imaging of lipid analogues
have shown that lipid sorting likely depends on the coupling
between membrane composition and high curvature of the tubu-
lar carriers (Andes-Koback and Keating, 2011); and that this is
ampliﬁed in the presence of lipid-clustering proteins such as CT
(Tian and Baumgart, 2009; Tian et al., 2009). Some toxins and
viruses bound to gangliosides are further delivered to the Golgi
and then to the ER but the mechanisms of sorting into the retro-
grade pathways remain unclear. Several protein complexes have
been identiﬁed to be required for retrograde transport of STx,
CT, and Ricin from the early endosome to the TGN/ER e.g.,
SNARE proteins (Syntaxins 5, 6, and 16) (Amessou et al., 2007;
Ganley et al., 2008)a n dt h er e t r o m e rc o m p l e x( Popoff et al.,
2007, 2009). If, or how, these proteins interact with lipids to reg-
ulate sorting between intracellular trafﬁcking pathways remains
unknown. The lipid-raft associated protein Flotillin, implicated
for clathrin-independent endocytic uptake of CT, has also been
shown to be involved in the sorting of CT from the early endo-
some to the TGN (Glebov et al., 2006; Frick et al., 2007)a n dt h e
ER(Saslowskyetal.,2010).Theretrogradepath wayt otheERmay
also involve a sorting step linking the early endosome to the ER
without intersecting the TGN (Saslowsky et al., 2010). Another
levelofpotential regulationofgangliosideandtoxin sorting stems
from the discovery of enzymes involved in ganglioside remodel-
ing (Daniotti and Iglesias-Bartolome, 2011). Future studies will
be needed to clarify the nature of lipid sorting at endosomes and
the Golgi complex and the precise role of lipid remodeling in this
process.
MECHANISM OF RETRO-TRANSLOCATION OF TOXINS
Upon entering the ER, most AB5 bacterial toxins, including
CT, undergo dissociation of their enzymatic moieties from their
receptor binding subunits. The disulﬁde bonds that connect the
A1 with the A2 polypeptide of CT are reduced in the ER followed
by chaperone-mediated unfolding of the A1-chain. These two
processing steps are required for the eventual retro-translocation
of CT-A1 to the cytosol. The molecular details of these processes
remain still unclear, but we favor the following model of CT-A1
dissociation. First, the ER lumenal chaperone protein disulﬁde
isomerase (PDI) binds in its reduced state to a hydrophobic
region at the C-terminus of CT-A1 chain allowing for unfolding
and dissociation from the B-subunit (Step 4) (Tsai et al., 2001;
Tsai and Rapoport, 2002). It is possible that PDI assists predomi-
nantlyinthe dissociation reaction andthe CT-A1subunitunfolds
spontaneously (Pande et al., 2007; Massey et al., 2009; Banerjee
et al., 2010; Taylor et al., 2011). A similar mechanism of toxin dis-
sociation seems to operate for the AB toxin ricin and STx (Lord
et al., 2003; Spooner et al., 2004; Fagerquist and Sultan, 2010).
Several other ER chaperones and components have been
described to be of importance for CT retro-translocation to
the cytosol (Step 5). The Hsp70 chaperone BiP (heavy chain
binding protein) allows for proper folding of nascent peptide
chains in the secretory pathway and also regulates the retro-
translocation of severalERAD substrates (Nishikawa et al., 2005).
In vitro studies suggest that BiP plays a role in maintaining the
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A1-chain in a soluble, export-competent state required for the
retro-translocation reaction (Winkeler et al., 2003), and intoxica-
tionbyCTmayactuallyup-regulateexpressionofBiP(Dixitetal.,
2008). There is also evidence that the unfolded form of CT-A1
interacts with the ER luminal chaperone Hsp40, ERdj3/HEDJ,
in order to mask solvent-exposed hydrophobic residues dur-
ing retro-translocation (Massey et al., 2011). Interestingly, ERdj3
was shown to directly interact with BiP in the ER (Shen and
Hendershot, 2005), suggesting an ERdj3/BiP complex may be
involved in stabilizing the unfolded CT-A1 and later targeting it
to the retro-translocation channels. ERdj3/HEDJ and BiP have
also been shown to interact with the A-subunit of STx and to be
important in retro-translocation of the STx enzymatic A-subunit
(Yu and Haslam, 2005; Falguieres and Johannes, 2006). In the
case of ricin, the ER degradation enhancing alpha-mannosidase
I-like protein (EDEM) was reported to facilitate its targeting to
the retro-translocons (Slominska-Wojewodzka et al., 2006).
Once unfolded, the CT-A1 chain is presumably targeted to
the ER membrane for retro-translocation through a protein-
conducting channel. The molecular identity of this channel
remains unknown. There is some evidence that the CT-A1 chain
may retro-translocate through the Sec61 complex as also pro-
posed for ricin (Rapak et al., 1997)a n dS T x( Yu and Haslam,
2005), but whether, and how, this may occur remains unclear
(Wiertz et al., 1996; Pilon et al., 1997; Matlack et al., 1998;
Schmitz et al., 2000). Other potential candidates for the retro-
translocation channel have emerged, with greatest evidence for
a protein complex centered on the E3 ubiquitin ligases HRD1
and gp78 (Bernardi et al., 2010). Other proteins of this com-
plex and adaptor proteins include UBE2G2, SEL1L, AUP1, OS-9,
XTP3-B, and Derlins (Smith et al., 2011). Not all may be required
for every reaction. Different toxins may utilize different compo-
nents (Carvalho et al., 2010). In the case of CT, there is there is
good evidence that the Hrd1/gp78 complex is required (Bernardi
et al., 2010; Carvalho et al., 2010) but conﬂicting evidence for the
dependence on Derlin (Bernardi et al., 2008; Dixit et al., 2008;
Saslowsky et al., 2010).
The driving force behind CT retro-translocation and the iden-
tities of the cytosolic components in the retro-translocation
process also remains to be determined (Step 6). We believe the
cytosolicAAA-ATPasep97thatpullsmanyERADsubstratesfrom
the ER membrane does not play a role in retro-translocation
of the CT A1-chain (Kothe et al., 2005). It is possible that an
ER luminal AAA-ATPase, TorsinA (Nery et al., 2011), may be
involved, but exactly how TorsinA affects CT retro-translocation
is not solved. Most studies show that ubiquitination of the tox-
ins is not involved driving retro-translocation (Rodighiero et al.,
2002; Li et al., 2010; Wernick et al., 2010).
It is now clear that once in the cytosol, the CT-A1 refolds into
astable conformationthatis resistantto proteasomaldegradation
(Rodighiero et al., 2002) .T h e r ei se v i d e n c et h i sr e q u i r e sc y t o s o -
lic chaperones. Refolding of the A1-chain in the cytosol depends
in part on the small GTPase ADP-ribosylation factor 6 (ARF6), a
cytosolic eukaryotic protein that can also enhance the enzymatic
activity ofCT-A1(Teter etal.,2006;Pandeetal.,2007;Ampapathi
et al., 2008), and the cytosolic chaperone Hsp90 that may act to
protect the A1-chain from degradation (Taylor et al., 2010)t o
induce toxicity (Step 7). Refolding of ricin in the cytosol is helped
in part by the chaperone Hsc70 and Hsp90 (Spooner et al., 2008).
SUMMARY
While many aspects of lipid-dependent trafﬁcking and retro-
translocation of the AB5 toxins remain to be discovered, the
recent work in this ﬁeld has established the outlines of how
the toxins co-opt the host cell to enter the cytosol and cause
disease. These topics address important aspects of cell biology
and toxin action, with broad impact on our understanding of
host-pathogen interactions in general.
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